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Materials and methods

Cloning for plasmids encoding structural proteins: pcDNA3.1 backbone plasmids were
generated encoding N, and M-IRES-E. Sequences for E, M and N were PCR amplified from
codon optimized plasmids were gifts from Nevan Krogan (Addgene plasmid # 141385, 141386,
141391, ). pcDNA3.1-SARS2-Spike was a gift from Fang Li (Addgene plasmid # 145032). Site
directed mutagenesis (NEB) was used to remove the C9-tag and introduce the D614G mutation.
Cloning of SARS-CoV-2 genome tiled segments: RNA was extracted from SARS-CoV-2
(Washington isolate) viral supernatant inactivated in Trizol by phase separation. RNA was
reverse transcribed using protoscript 11 (NEB) and tiled segments (T1-T28) were PCR amplified
from cDNA using primers compatible with ligation independent cloning (LIC). Tiles were
cloned into a plasmid containing luciferase with a LIC destination site in the 3’UTR.

SC2-VLP production: For a 6-well, plasmids Cov2-N (0.67), CoV2-M-IRES-E (0.33), CoV-2-
Spike (0.0016) and Luc-T20 (1.0) at indicated mass ratios for a total of 4 ug of DNA were
diluted in 200 pL optimem. 12 pg PEI was diluted in 200 pL Opti-MEM and added to plasmid
dilution quickly to complex the DNA. Transfection mixture was incubated for 20 minutes at
room temperature and then added dropwise to 293T cells in 2 mL of DMEM containing fetal
bovine serum and penicillin/streptomycin. Media was changed after 24 hours of transfection and
At 48 hours post-transfection, VLP containing supernatant was collected and filtered using a
0.45 um syringe filter. For other culture sizes, the mass of DNA used was 1 ug for 24-well, 4 g
for 6-well, 20 pg for 10-cm plate and 60 pg for 15-cm plate. Optimem volumes were 100 uL,
400 pL, 1 mL and 3 mL respectively and PEI was always used at 3:1 mass ratio.

Luciferase readout: In each well of a clear 96-well plate 50 uL of SC2-VLP containing

supernatant was added to 50 pL of cell suspension containing 30 000 receiver cells (293T
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ACE2/TMPRSS2). Cells were allowed to attach and take up VLPs overnight. Next day,
supernatant was removed and cells were rinsed with 1X PBS and lysed in 20 pL passive lysis
buffer (Promega) for 15 minutes at room temperature with gentle rocking. Lysates were
transferred to an opaque white 96-well plate and 50 pL of reconstituted luciferase assay buffer
was added and mixed with each lysate. Luminescence was measured immediately after mixing
using a TECAN plate reader.

SC2-VLP purification using sucrose cushion: SC2-VLP produced in 10-cm plates (10 mL of
culture) were added to 13.2 mL ultracentrifuge tubes. 1 mL of 20% sucrose was underlaid using
a 4” blunt needle. VVLPs were centrifuged for 2 hours at 28 000 RPM using a SW41 Ti swinging
bucket rotor. Supernatant was removed and ultracentrifuge tubes were inverted for 5 minutes on
a paper towel with gentle tapping to remove remaining supernatant. VLPs were resuspended in
50 pL phosphate buffered saline for further experiments.

SC2-VLP PEG precipitation: 0.136 volumes of polyethylene glycol stock (50% PEG, 2.2%
NaCl) was added to filtered supernatants containing SC2-VLPs to achieve a final concentration
of 6% PEG. Solution was mixed thoroughly and precipitation was allowed to proceed for 2hrs at
4°C and then centrifuged at 2 000g for 20 minutes. Supernatant was discarded and VVLPs were
resuspended in PBS.

SC2-VLP concentration using Amicon filters: 0.5 mL filtered supernatant was added to 0.5 mL
100 kDa molecular weight cutoff amicon filters and centrifuged for 30 minutes at 2 000g.
Concentrate was diluted in 1X PBS containing 0.02% Tween 20 for all wash steps.

Western blot: For western blots of lysates, media was removed and cells were rinsed with PBS.
Cells were then lysed for 20 minutes in RIPA lysis buffer containing Halt protease and

phosphatase inhibitor cocktail. For western blots of ultracentrifuge concentrated VLPs, 10 mL of
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VLP supernatant from a 10-cm plate was pelleted (28 000 RPM, 2hrs, SW41 Ti, 1mL 20%
sucrose cushion), the supernatant was discarded and VLPs were resuspended in 50 pL of PBS.
15 pL of concentrated VLPs were used to western blot. Laemmli loading buffer (1x final) and
dithiothreitol (DTT, 40 mM final) was added to lysates or VVLP solution and heated for 95°C for
5 minutes to lyse VLPs and denature proteins. Samples were loaded on to 12-40% gradient gels
(Biorad) and transferred to a PVDF membrane (Biorad). Membrane was blocked in 10% NFDM
and stained with primary antibody: anti-N (abcam ab273434, 1:500 dilution), anti-S (abcam
ab272504, 1:1000), anti-GAPDH (Santa Cruz sc-365062, 1:1000), anti-p24 (Sigma, 1:2000) for
2 hours at room temperature. Blots were rinsed with TBS-T three times for 10 minutes each and
stained with secondary (abcam ab205719 (mouse), 1:5000). Imaged using pierce
chemiluminescence Kit.

Sucrose gradient fractionation: 10% to 40% sucrose gradient was prepared using a gradient
mixer in 13.2 mL ultracentrifuge tubes. Concentrated and resuspended SC2-VLPs were overlaid
on top of the gradient and centrifuged in a SW41 Ti rotor for 3 hours at 28 000 RPM. Gradient
was fractionated from the bottom using a 4" blunt needle and a peristaltic pump. For cell
infection, each fraction was diluted 20X and added to 293T cells expressing ACE2/TMPRSS2.
Luciferase signal was measured the next day.

GFP-VLPs and flow cytometry. GFP was cloned into the luciferase destination vector (Luc-no
PS) and Luc-PS9 to generate GFP-LIC and GFP-PS9. VLPs were generated in 10-cm plates and
concentrated through a 20% sucrose cushion. 50 pL of concentrated VLPs were added to each
well of a 24-well plate along with 120 000 receiver cells (293T ACE2/TMPRSS2). Cells were
incubated with VLPs overnight and GFP expression was measured the next day using flow

cytometry.
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Northern Blot: VLPs collected from a 10-cm plate were concentrated by ultracentrifugation
through a 20% sucrose cushion (28 000 RPM, 2hrs, SW41 Ti). The supernatant was discarded
and VLPs were resuspended in 50 pL of PBS. 20 uL of concentrated VVLPs were used for
Northern blotting. VLPs were lysed by adding 500 pL of Trizol (Sigma) and RNA was extracted
by phase separation, precipitated with isopropanol with GlycoBlue and washed with 75%
ethanol. RNA was resuspended in 30 pL of water, added to 30 pL 2x RNA Loading Dye (NEB)
and denatured at 65°C for 15 minutes then loaded onto a 1% agarose gel containing 1X MOPS
and 4% formaldehyde. Samples were run at room temperature for 12hrs at 20V and transferred
by capillary action to Nylon membrane. The membrane was hybridized with a *?P-labeled
luciferase DNA probe (Promega) and visualized using a phosphoscreen on a Typhoon imager
(GE).

Construction of SARS-CoV2 mutant viruses: Seven cDNA fragments spanning the USA/WA1-
2020 SARS-CoV-2 genome were a kind gift from Dr. Pei-Yong Shi. SARS-CoV2 nucleocapsid
S202R and R203M mutant viruses were constructed by mutagenesis of a previously described
seven-fragment cDNA clone USA/WA1-2020 SARS-CoV-2 (4). Briefly, N:S202R and
N:R203M mutations were introduced into fragment 7 (F7) (pCC1-CoV2-F7) using site-directed
mutagenesis. To assemble the full length SARS-CoV2 cDNA, cDNA fragments were obtained
by restriction enzyme digestion (Bsal for F1-4 and Esp3I/Pvul for F5-6 and Esp31/SnaBl for F7),
and purification by gel extraction (Qiagen gel extraction kit). In vitro ligation of the fragments
was done in three steps: 1) ligation of F1-3, F4-5, and F6-7 separately; 2) ligation of F1-3 and
F4-5 to obtain F1-5; 3) ligation of F1-5 to F6-7 to obtain F1-7. All ligations were performed with
T4 DNA ligase overnight at 4°C. The full length F1-7 cDNA was phenol/chloroform extracted,

isopropanol precipitated, and resuspended in nuclease-free water. SARS-CoV2 full length gRNA
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was produced by using mMMESSAGE mMACHINE T7 Transcription Kit (ThermoFisher
Scientific). The purified SARS-CoV?2 full length wild type and mutant gRNAs were
electroporated into BSR-T7/T5 cells, which are baby hamster kidney-21 (BHK-21) cells
constitutively expressing T7 RNA polymerase and co-cultured with Vero-TMPRSS2 cells along
with WT N RNA. After 3-4 days or until CPE is observed, mutant viruses (PO) were collected
and used to infect Vero-TMPRSS2 cells to produce P1 viral stocks that were utilized for
subsequent infection experiments. All viral sequences were verified by NGS (fig. S6). Viral titers
were determined by plaque assays on Vero-TMPRSS?2 cells. Virus preparation and experiments
were performed in the BSL3 facility.

Cell lines: Cells were maintained in a humidified incubator at 37°C in 5% CO2 in the indicated
media and passaged every 3-4 days. 293T cells were obtained from ATCC and maintained in
DMEM with 10% FBS and 1% penicillin/streptomycin. 293T-ACE2/TMPRSS2 were a gift from
Satish Pillai lab and cultured in DMEM with 10% FBS, 1% P/S, 2 pg/ml puromycin and 10
ug/ml blasticidin. Vero E6 was cultured in DMEM supplemented with 10% FBS and 2mM
glutamine. Vero cells overexpressing human TMPRSS2, a kind gift from the Whelan lab (Case
et al., 2020), were grown in DMEM with 10% FBS and 1x glutamine. A549 cells stably
expressing ACE2 (A549-ACE?2) were a gift from O. Schwartz. A549-ACE?2 cells were cultured
in DMEM supplemented with 10% FBS, 2mM glutamine and blasticidin (20 pg/ml) (Sigma).
Short Terminal Repeat (STR) analysis by the Berkeley Cell Culture Facility on 17 July 2020
authenticates these as A549 cells with 100% probability.

Infection and titration of infectious clones: A549-ACE2 were inoculated with WT, S202R, or
R203M mutant viruses at multiplicity of infection (MOI) 0.1 in triplicate for 1 hr, After the

infection, the cells were washed with PBS to remove the unattached virus and then cultured for
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72 hours. Medium was changed and cell culture supernatants were collected daily and stored -
80°C for virus titration by plaque assay. Cells and cell culture supernatants were also collected
for RNA analysis.

Plaque assays: Vero-TMPRSS2 were plated 2.5 x 10° cells per well in 12-well plates overnight.
Cell culture supernatants were serially diluted in DMEM with 10% FBS and 300 pl of diluted
inoculum were added to Vero-TMPRSS2 monolayers at 37C, 5% CO. for 1 hr, followed by an
Avicel (IMCD) overlay. After 3 days, plaques were fixed with 10% formalin and visualized by

staining with crystal violet.

Supplementary Figure 1
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Fig. S1. Requirements for induced expression by SC2-VLPs. A) Luminescence measured
from Vero EG6 cells incubated with standard SC2-VLPs as well as missing either S, M, N, E or
the packaging signal (PS). B) Luminescence from receiver cells after incubation with standard
SC2-VLPs as well as tagged N (MNG11-N: N with amino-terminal mNG11 tag and N-2xStrep:
N with carboxy-terminal 2xStrep tag). Error bars indicate standard deviation with N=3

independent transfections in each case.
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Supplementary Figure 2
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Fig. S2. Characterization of SC2-VLPs stability and purification. A) Luminescence induced
in receiver cells from SC2-VLPs after treatment with ribonuclease A or 1-4 freeze-thaw cycles or
incubation at 55°C and 70°C, respectively. All values were normalized to the original
supernatant. Lentiviral particles encoding luciferase are shown as comparison. B) Induced
luminescence from SC2-VLPs purified/concentrated using different methods compared to total
protein measurement from the same samples using bicinchoninic acid (BCA) assay. C)
Luminescence measured from 293T-AC2/TMPRSS2 receiver cells at 12, 24, 48, and 72 hours
after incubation with either S-pseudotyped lentivirus or SC2-VLPs encoding luciferase. Error

bars indicate standard deviation with N=3 independent transfections in each case.
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Supplementary Figure 3
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Fig. S3. Minimal sequence required for specific packaging into SC2-VLPs. A) Induced

luminescence in receiver cells after incubation with SC2-VLPs containing a transcript expressing
luciferase. The luciferase transcript contains varying segments from SARS-CoV-2 genome
shown graphically in (B). “no PS” indicates luciferase only transcript. Color in (B) indicates the
observed luminescence normalized to the T20 transcript. Error bars indicate standard deviation

with N=3 independent transfections/infections in each case.
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Supplementary Figure 4
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Fig. S4. Effect of spike mutations on SC2-VLPs and neutralization. A, B) Induced
luminescence from receiver cells incubated with SC2-VLPs containing varying concentrations of
and mutations within the S plasmid. S plasmid ranging from 0.1 ng to 12.5 ng was added to each
well of a 24-well plate. Total DNA used for transfection (N, M-IRES-E, T20) was 1 ug for each

well. C) Neutralization curves of S variants against antibody MM43 (SinoBiological). IC50 from

each shown in Fig. 3D.
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Supplementary Figure 5
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Fig. S5. Expression levels of N mutants. Western blot of lysates from packaging cells
transfected with N mutations stained using anti-N antibody (top) and anti-GAPDH antibody
(bottom). Expression levels are similar between mutants and do not correlate with induced

luminescence from SC2-VLPs made from these mutants.

Supplementary Figure 6

| CAGTAGGGGA

wr £

c A G”‘;”A G G G G A

S R G

T
S202R  F ol CAGGAGGGGA
{ o4 A GM“'WA G G G G A

R R G

\ 2 | i
R203M = ol CA(_aTAT(_I(_!(JA

nges
C A G T A G G G G A

S M G

Fig. S6. Sequence logo visualization of sequencing data from infectious clones generated by

reverse genetics. Arrows indicate sites that were modified.
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Table S1. Nucleotide start and end positions of sequences T1-T28 and PS1-PS9 relative to

the Wuhan Hu-1 reference genome.

sequence | o\t position | End position
name
= 18 1932
T2 1172 3179
T3 2070 4075
T4 2936 5010
TS5 4054 6038
T6 5004 7020
T7 6018 8009
T8 6996 8898
T9 8006 10043
T10 9101 11072
T11 10013 12088
T12 11001 13055
T13 12074 14137
T14 13028 15133
T15 14010 16085
T16 16011 18186
T17 17068 19115
T18 18020 20047
T19 19018 20955
T20 20080 22222
T21 20912 22873
T22 22016 24166
T23 23050 25077
T24 24038 26169
T25 25056 27130
T26 25906 28096
T27 27029 29125
T28 27987 297217
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PS1 20912 22221
PS2 20080 20954
PS3 19018 20046
PS4 19018 22221
PS5 20080 22872
PS6 20654 21171
PS7 20654 21920
PS8 19785 20348
PS9 20080 21171
PS10 22016 22872
PS11 20231 21171
PS12 20352 21171
PS13 20468 21171

Table S2. CoV-2 S mutations and variants screened relative to Wuhan Hu-1 reference

genome.
Label Mutations
WT+D614G D614G

del69,70, del144, D614G, N501Y, A570D, P681H, T716l,
S982A, D1118H

Beta (B.1.351) K417N, E484K, N501Y, D614G

L13F, T20N, P26S, D138Y,
Gamma (P.1) R190S,K417T,E484K,N501Y,D614G,H655Y,T10271,
V1176F

Alpha (B.1.1.7)

(Epflﬂgr?]) S131, W152C, L452R. D614G
N439K N439K, D614G
P681H D614G, P681H
K417N K417N, D614G
L452R L452R. D614G
W152C W152C, D614G

S13l S131. D614G
T20N T20N, D614G
D1118H D614G, D1118H
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S477N S477N, D614G
P26S P26S, D614G

Table S3. CoV-2 N mutations and variants screened relative to Wuhan Hu-1 reference

genome.
Label Mutations
WT
D3L D3L
P13L P13L
P80OR P80OR
Al119S Al119S
P199L P199L
S202R S202R
R203K R203K
R203M R203M
G204R G204R
T205I T205I
M2341 M2341
S235F S235F
D377Y D377Y
Alpha D3L, R203K, G204R, S235F
Gamma (P.1) P8OR, R203K, G204R
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